Prions are infectious agents resulting from the conversion of a normal cellular protein, PrP C , to a misfolded species, PrP
INTRODUCTION
Prions cause lethal neurodegenerative diseases such as scrapie in sheep, bovine spongiform encephalopathy in cows and Creutzfeldt-Jakob disease (CJD) in humans. The infectious agents are essentially composed of abnormally folded, partially protease-resistant proteins, PrP Sc , rich in b-sheet structure, that can impose their conformation on the normal cellular prion proteins, PrP C (Prusiner, 1998) . PrP C and PrP Sc can both exist as full-length proteins, but N-terminal trimming of PrP Sc by limited proteolysis in vitro or by cellular proteases generates a 27-30 kDa fragment, PrP 27-30, which is a proteinase K (PK)-resistant product that retains infectivity (Gabizon et al., 1988; Meyer et al., 1986) .
Infectious prions are present at high levels in the brain, spinal cord, retina, tonsils and spleen (Bruce et al., 2001; Hogan et al., 1986; Wadsworth et al., 2001) , but also at lower levels in blood and skeletal muscles (Mulcahy et al., 2004; Peden et al., 2004 Peden et al., , 2006 . Prions are resistant to conventional sterilization procedures and to inactivation by various chemical treatments (Alper et al., 1966; Gibbs et al., 1994 Gibbs et al., , 1978 . The potential presence of prions in biological tissues and fluids has led to the awareness that instruments and materials used in dentistry, surgery and abattoir activities may be a source of prion spread. For instance, prion-contaminated intracerebrally implanted electrodes can transmit CJD in humans (Bernoulli et al., 1977; Gibbs et al., 1994) , and stainless steel suture wires exposed to scrapie can efficiently transmit the infection to indicator mice (Flechsig et al., 2001; Zobeley et al., 1999) and in this context can be used as transfer vehicles in bioassays for prion infectivity (Fichet et al., 2004; Lemmer et al., 2004; Yan et al., 2004) . To minimize the risk of prion transmission, it is important to devise novel methods of disinfecting stainless steel instruments and materials (Baier et al., 2004; Fichet et al., 2004; Jackson et al., 2005; MullerHellwig et al., 2006; Peretz et al., 2006; Race & Raymond, 2004; Yan et al., 2004) , as many existing decontamination methods may damage the instrumentation (Brown et al., 2005) . However, various stainless steels differ in their chemical composition and physical properties, and may therefore differ in their capacity to adsorb prions and transmit infection.
In the present study, we investigated stainless steels of different composition to see whether they differed in their prion-binding capacity. We found that PrP Sc adsorption was promoted by nickel and molybdenum in the steel, and that PrP Sc binds to nickel powder with high affinity. Nickel powder can thus be used to concentrate PrP
Sc from large volumes of dilute solutions in analytical approaches. Preparation of cell lysates. GT1-1 cells and ScGT1-1 cells (from a 75 cm 2 flask with a confluent cell layer per ml lysis buffer) were lysed in phosphate buffer (pH 7.4) containing 637 mM NaCl and 1 % Triton X-100 (lysis buffer). Insoluble material was removed by centrifugation for 1 min at 16 000 g. The concentration of total protein in the cell lysates was 3-4 mg ml
21
, as measured by a Bio-Rad protein assay.
Western blotting. Protein samples (15-30 ml per lane, with equal volumes on each gel) were resolved on 12 % NuPAGE Bis-Tris gels with MOPS/SDS running buffer at 200 V according to the manufacturer's instructions (Invitrogen). Proteins were transferred to Immobilon-P SQ membranes (Millipore), blocked in 5 % BSA (Sigma) and incubated with the recombinant anti-PrP Fab D13 (1 mg ml 21 ; InPro), followed by a secondary goat anti-human F(ab) 2 horseradish peroxidase-conjugated antibody (Pierce) at 0.16 mg ml 21 . Detection was performed with enhanced chemiluminescence (ECLplus; GE Healthcare). The optical density of the 19 kDa band was quantified using ImageJ software (http://rsbweb.nih.gov/ij/ index.html). Samples were normalized to the mean densities of the stainless steel grade 316L samples. Statistics were calculated using a non-parametric Mann-Whitney test with GraphPad Prism software.
Adsorption of PrP
Sc to metal and glass powders. Stainless steel (grade 316L and 410L, size 71-106 mm; Höganäs), nickel (Ni Inco 123, mean size 8.5 mm; Höganäs; or 203904 ,150 mm; SigmaAldrich), molybdenum (266892 ,150 mm; Sigma-Aldrich) powders and glass beads (G8893, ¡106 mm; Sigma-Aldrich) were used. The two types of steel alloy particles were similar in size and shape, whilst the nickel and molybdenum particles were of smaller size (Fig. 1) . Grade 316L steel powder is a non-magnetic steel that contains iron, 16.5-18.5 % chromium, 2.5-3.0 % molybdenum, and 11.0-14.0 % nickel. Grade 410L is a magnetic alloy containing iron and 11.5-13.5 % chromium only. For removal of surface oxides, the metal powders were treated with 1 M hydrochloric acid (VWR) for 60 min (Bjorklund et al., 1999) . This procedure was performed to standardize the experimental conditions to enable comparisons between different sets of experiments. However, similar results were obtained without pre-treatment with HCl, although the variations between the different sets of experiments were larger (data not shown). The metal powders were rinsed thoroughly in PBS after HCl treatment.
Adsorption to the metal powders was studied using whole ScGT1-1 cell lysates treated or not with PK (Sigma-Aldrich), as well as PKtreated strain Me7-infected brain homogenate (TSE Resource Centre), which was diluted 1 : 1 in lysis buffer and incubated for 10 min, followed by centrifugation and removal of insoluble debris. For PK treatment, the lysates from the cells and the brain homogenate were incubated with 20 mg PK ml 21 for 30 or 60 min, respectively, at 37 uC, and the reaction was stopped with PMSF (Sigma-Aldrich). Each of the different metal or glass powders (200 mg) was mixed with the different lysates (25 ml non-PK-treated or 90 ml PK-treated cell lysates, or 40 ml PK-treated brain homogenate) in 1 ml PBS containing 35 mM leupeptin (Sigma-Aldrich). After incubation of the lysates with the powders for 1 h at room temperature, the latter were removed and then rinsed five times in PBS. After the last rinse, the metal powders were boiled for 10 min in 80 ml 4 % SDS (SigmaAldrich) in sample buffer, which was found to be optimal to elute PrP from the powders. After removal of the nickel powder, the supernatants were analysed by Western blotting, where 30 ml sample was loaded per well on an 18-well gel. The protein remaining in the lysates after metal precipitation was also sampled and mixed with 10 ml ice-cold acetone (Sigma-Aldrich) for protein precipitation, followed by centrifugation at 1500 g for 30 min at 4 uC. The pellets were dissolved in 60 ml lysis buffer and boiled in 4 % SDS in sample buffer and analysed by Western blotting.
The efficacy of nickel powder to adsorb and extract PrP Sc was also studied under various conditions. First, 200 mg nickel powder was added to RML or 22L ScGT1-1 cell lysates in 1 ml PBS at different concentrations (0.01-10 %). Secondly, 50 ml ScGT1-1 lysate was incubated with 200 mg nickel powder in increasing volumes of PBS (from 50 ml lysate only to 50 ml lysate in 500 ml PBS). In another set of experiments, 200 mg nickel powder was incubated with 100 ml RML ScGT1-1 cell lysate in 1 ml PBS containing either 5 % (v/v) FBS, 5 % (w/v) BSA or 5 % (w/v) non-fat dried milk (Bio-Rad). The nickel powders in these experiments were not pre-treated with HCl. The mixtures were incubated for 1 h at room temperature. The metal powders were then rinsed and boiled in 4 % SDS sample buffer and the supernatants analysed by Western blotting, as described above.
In one series of experiments, nickel powder precipitation was compared with trichloroacetic acid (TCA) precipitation. Lysate of 22L ScGT1-1 cells diluted in PBS was incubated with 10 % TCA on ice for 2 h, followed by centrifugation at 13 000 g for 15 min, two washing steps in acetone, centrifugation and finally solubilization of the pellet in lysis buffer. All experiments were carried out in duplicate.
Infectivity assay. The capacity of 316L and 410L steel powders to bind infectious prions was compared by incubating them with non-PK-treated or PK-treated 22L ScGT1-1 cell lysates, as well as with non-PK-treated brain homogenate from mice infected with the 22L strain of scrapie. Cell lysates contained approximately 4 mg total protein ml 21 before PK treatment. For these experiments, 100 mg of the steel powders, pre-treated with 1 M HCl, was incubated for 24 h in 0.5 ml PBS containing 60 ml ScGT1-1 cell lysate or 3 ml brain homogenate. After incubation, the powders were rinsed five times in sterile PBS and transferred to plastic 35 mm cell-culture dishes, precoated with poly-L-lysine (Sigma-Aldrich). The adsorbed powders were further fixed onto the dishes with 10 % formalin (Merck) in PBS for 30 min, rinsed and incubated with 0.1 % Triton X-100 (Sigma) for 10 min. Dishes were rinsed four times in sterile PBS and once in GT1-1 cell-culture medium. Approximately 3610 5 -5610 5 GT1-1 cells per culture dish were then seeded into the metal-coated dishes and grown on the metals for 9 days.
The cell cultures were examined by immunofluorescence after 9 days of incubation and after two, three, four, six and 11 additional passages. For this purpose, the dishes were fixed in 10 % formalin for 30 min, permeabilized with 0.1 % Triton X-100 in PBS for 5 min and On: Mon, 07 Jan 2019 00:33:07 treated with 3 M guanidinium thiocyanate (Merck Schuchardt) for 5 min for detection of PrP Sc (Taraboulos et al., 1990) . After blocking with 5 % BSA for 40 min, the cells were incubated with the primary anti-PrP antibody (Fab D13 diluted in PBS containing 5 % BSA to 3.5 mg ml 21 ; InPro) overnight at 4 uC followed by the addition of Cy3-conjugated donkey anti-human IgG (Jackson Immunoresearch) at a concentration of 7.5 mg ml 21 . The cells were rinsed in PBS between each treatment and then mounted in glycerol with 2.5 % diazabicyclooctane (Sigma-Aldrich). All immunopositive cell clusters were counted in each of six (cell lysate) or eight (brain homogenate) cell-culture dishes exposed to the steel powders. All experiments were repeated at least twice. Statistical analyses were performed on experiments after four (cell lysate) or six (brain homogenate) passages. The number of PrP Sc -containing cell clusters in each cellculture dish was normalized to the mean number of clusters in all dishes in the experiment employing exposure of non-PK-treated, whole ScGT1-1 cell lysate to the 316L steel powder. The data were analysed using the non-parametric Mann-Whitney test using GraphPad Prism, and differences were considered significant at P,0.05.
Metal ion pull-down assay. Chelating Sepharose 6B gels (GE Healthcare) were charged with Ni 2+ or Cu 2+ in water. The gels were washed with lysis buffer and incubated with ScGT1-1 cell lysates from RML-infected cells (3.5 mg ml 21 total protein) at a volume ratio of 1 : 1 for 10 min. No pre-treatment with PK was applied in these experiments. The gels were rinsed three times in 20 vols lysis buffer. Next, 30 ml 4 % SDS sample buffer was added and the gels were boiled for 10 min. The Sepharose gels were removed by centrifugation and the supernatants were subjected to Western blotting. For PK treatment, Sepharose gels with bound protein were incubated with 20 mg PK ml 21 for 30 min at 37 uC and proteolysis was stopped using PMSF for 20 min. The PK-treated gels were then boiled in sample buffer. All procedures were carried out at room temperature.
RESULTS

PrP
Sc binding to steel surfaces is dependent on the nickel and molybdenum content Adsorption of PrP C and PrP Sc to two stainless steel materials consisting of particles of the same size and shape ( Fig. 1) but with different chemical composition was studied. Stainless steel 316L contains nickel and molybdenum, whilst stainless steel 410L does not. After adsorption and washing, the remaining protein was eluted from the metal surface and quantified using SDS-PAGE and Western blotting. Eluates from stainless steel sample 316L exposed to PK-treated lysates of GT1-1 cells infected with the RML or 22L strain of scrapie (ScGT1-1 cells) showed distinct bands of partially degraded PrP Sc (PrP 27-30, characteristic for PrP Sc ), whilst the eluates from sample 410L displayed only faint PrP Sc bands (Fig. 2a, c) . In most experiments, PK-treated lysates were used to standardize the conditions and to reduce potential interference with prion binding by other proteins in the lysates. However, in one set of experiments, non-PK-treated lysates were used and similar results were obtained to those in experiments employing PK-treated lysates (see Fig. 4c ). Densitometric quantification of the relative amounts of PrP Sc bound to the two steel materials revealed a mean binding capacity that was fourfold higher for 316L after 22L infection and twofold higher after RML infection (Fig. 2b,  d ). No binding of PrP 27-30 to glass powder (included as a non-metal control) was detected. As the difference between steel samples 316L and 410L is the presence of nickel and molybdenum in the former, PK-treated lysates from cells infected with the RML or 22L strain were also incubated Values shown are from five independent experiments performed in duplicate. *P,0.05; ***P,0.001 with nickel and molybdenum powders. Eluates from nickel powder displayed very strong bands of PK-resistant PrP Sc , whilst those from incubation with molybdenum powder were slightly weaker (Fig. 2a, c) . However, the particles of the molybdenum powder are larger than those of the nickel powder (Fig. 1) , which could contribute, at least partially, to the differences seen in the PrP Sc binding as larger particles have a relatively smaller surface area. The difference in size together with the irregularity in the shape of the particles rendered an accurate estimation of the total surface areas of the powders impossible. Differences in binding were therefore only quantified after exposure of the lysates to the two steel powders, which had the same shape and size.
The glycosylation profiles of the RML and 22L strains did not change after binding to the powders (data not shown), indicating that the sugar residues did not determine the PrP Sc -metal interaction. The difference in the amount of PrP Sc adsorbed to nickel and molybdenum powders versus that adsorbed to glass and steel particles was further investigated by precipitation of protein in the supernatants (Fig. 3 ). Significant levels of PrP Sc were removed from the supernatant after incubation with nickel and molybdenum powders, whilst most of the PrP Sc remained in the supernatant after incubation with glass or steel particles (Fig. 3) .
To investigate whether full-length PrP and PrP 27-30 bound to a similar extent, the powders were incubated with non-PK-treated lysates from uninfected ( Fig. 4b) and RML-infected (Fig. 4c) GT1-1 cells. Of note, the vast majority of full-length PrP in ScGT1 cells was PrP C (as judged by its solubility in Sarkosyl; unpublished observations), as most PrP Sc was spontaneously processed to the PrP 27-30 form [ Fig. 4c , 19 kDa bands (Taraboulos et al., 1992) , indicated by an arrow]. While eluates from ScGT1-1 cell lysates showed a binding pattern of full-length PrP to the different powders (Fig. 4c , upper bands) similar to that of PrP C (Fig. 4b) , the PrP 27-30 bands (Fig. 4c , lower bands) were very strong in eluates from the nickel powder, but not visible in eluates from the glass powder. PrP 27-30 bands from non-PK-treated lysates (Fig. 4c) bound to the different powders similarly to PK-treated RML lysates (Fig.  2c) . As eluates from glass particles incubated with GT1-1 lysates revealed strong PrP C binding (Fig. 4b) , this indicated that PrP C and PrP 27-30 did not have the same relative affinity for the different materials tested. In addition, steel 410L incubated with the RML strain To get an idea of whether the binding of PrP Sc to the metals was ionic in character or not, we used a metal ion-chelating pulldown assay (metal ions immobilized to Sepharose gel). Undigested PrP derived from RML-infected cells was bound to chelating Sepharose loaded to Cu 2+ and Ni 2+ in accordance with previous studies (Brown et al., 1997; Hornshaw et al., 1995; Muller et al., 2005; Shaked et al., 2001; Stockel et al., 1998; Taraboulos et al., 1992) (data not shown). Copper ions are known to bind to PrP C at the Nterminal octarepeat region, which can bind up to four Cu 2+ (Burns et al., 2003; Wells et al., 2006) . Other divalent cations such as Ni 2+ , Zn 2+ and Mn 2+ can also bind to this region but with weaker affinity (Jackson et al., 2001; Treiber et al., 2007) .
N-terminal truncation of PrP
Sc by PK or cellular proteases leads to removal of the histidine-rich metal-binding octarepeat region, leaving the protease-resistant PrP 27-30 polypeptide, which explains why, in our study, PrP Sc (present as partially degraded PrP 27-30) did not bind the Sepharose-immobilized metal ions (data not shown). We therefore concluded that the adsorption of PrP 27-30 to nickel or molybdenum powder was probably not due to ionic binding, but rather to direct interactions between PrP Sc and the metallic surface.
Increased prion binding to steel is coupled with increased infectivity
Differences in infectivity adsorbed to the two stainless steel powders after exposure to whole or PK-treated cell lysates, or to whole-brain homogenates infected with the 22L strain, were determined using uninfected reporter GT1-1 cells. Clusters of PrP Sc -immunopositive cells were seen in the dishes 9 days after incubation with the 316L, but not the 410L, powder. After two passages, PrP Sc -immunopositive cell clusters appeared in the cultures exposed to 316L, but not to 410L, powder incubated with PK-treated cell lysates (Fig. 5a, b) . After four passages, there was a significantly larger number of immunopositive clusters in cells exposed to 316L than to 410L steel powder incubated with the infected cell lysates (Fig. 5c ). Significant differences were also seen in cells exposed to the two different steel powders incubated with infected whole-brain homogenate (Fig. 5d) . The differences remained when examined after six or 11 passages (data not shown). Importantly, the nickel-containing steel 316L transferred a higher amount of infectivity after incubation with any of the three different preparations -PK-treated lysate, non-PK-treated lysate and brain homogenate.
Nickel powder provides efficient concentration of PrP Sc in solutions
Although the two steel materials bound to PrP Sc in concentrated solutions, they only removed a minor proportion of the total PrP Sc (Fig. 3) . Stainless steel has been used as a transfer tool for PrP Sc in bioassays of prion infectivity (Fichet et al., 2004; Lemmer et al., 2004; Yan et al., 2004) , and we asked whether the much more potent binder nickel as a powder could be used to concentrate PrP Sc in dilute solutions and thereby increase the detection level in analytical approaches. In a series of experiments, we used PK-treated lysates from ScGT1-1 cells infected with the 22L strain. First, we studied serial dilutions of the lysates in 1 ml PBS and found that 200 mg nickel powder could recover detectable amounts of PrP Sc in cell lysates diluted 100-fold, whilst detection was otherwise impossible (Fig. 6a) .
We then analysed to what extent a fixed amount of PrP Sc (in 0.05 ml cell lysate) could be recovered by 200 mg nickel powder from a solution series of increasing volume. We found that, even for a volume of 500 ml, i.e. a 10 000-fold dilution, PrP Sc could clearly be detected and there was no significant decrease in the signal intensity up to a 100-fold dilution (Fig. 6b) .
To study whether nickel extraction could be useful to concentrate PrP Sc in complex solutions containing other potentially interfering proteins, lysates of ScGT1-1 cells were diluted in PBS containing 5 % BSA, 5 % non-fat dried milk or different concentrations of FBS, with and without nickel powder added. The data revealed that PrP Sc could be concentrated by nickel powder in the presence of 5 % BSA and 5 % FBS, but not in the presence of 5 % non-fat dried milk (Fig. 6c) and not from solutions containing 25 % or higher concentrations of FBS (data not shown). Consequently, nickel precipitation may have a certain advantage over the commonly used TCA precipitation (Lebrun et al., 2008) , as the latter precipitated all proteins into a large pellet from which PrP was more difficult to extract with SDS-containing buffer than it was from the nickel powder (data not shown).
DISCUSSION
This study showed that steel alloys differ in their capacity to bind PrP Sc and transmit prion infection, depending on their content of nickel and molybdenum. For efficient analysis of PrP Sc binding to metals while minimizing potential interactions with other cellular proteins, we used PK-treated cell lysates in most of our experiments. However, some experiments were performed using non-PK-treated lysates and brain homogenates, and they showed similar differences between the two steel alloys in their prion-binding capacity. The results were similar using brain homogenates, i.e. 316L bound PrP Sc significantly more than 410L. Our results differ somewhat from those presented in a recent study where no detectable difference in the amount of prion-infected brain homogenate binding to 316L steel and glass surfaces was found (Fichet et al., 2007) . However, in that study, the binding was determined after drying of proteins onto the respective materials, whereas in our study lysates were never left to dry on the materials tested. Surgical and abattoir tools that may come into contact with prion-infected tissues or fluids are made from steel alloys with or without nickel or molybdenum. Nickel-containing steel alloys, such as 316L, are more resistant to corrosion, but have less hardness and strength. For the manufacture of sharp knives, scissors and other instruments, nickel-free steel is common; however, both types of stainless steel are used in medical instruments. The need for nickel-free instruments in surgical and other practices is also in line with current efforts to avoid nickel allergy. Our observation that steel alloys differ in their capacity to transmit prions should therefore be considered to minimize the risks involved when using instruments in contact with potentially prion-infected materials and tissues.
The data showed that extraction of PrP Sc by the use of nickel powder could increase the detection level of prions in serum-free or semi-purified solutions. Nickel powder may therefore find a use in detection and/or removal of prions in large volumes of fluids such as urine, abattoir wastewater or other sources where there is a risk of prion contamination. Several methods have been designed for PrP Sc concentration, such as immunoprecipitation, TCA precipitation, salt precipitation (Hilmert & Diringer, 1984; Polymenidou et al., 2002) , sodium phosphotungstate or streptomycin precipitation (Moussa et al., 2006) . PrP Sc bound to stainless steel retains its infectivity (Flechsig et al., 2001 ) and therefore, most likely, its original conformation. Precipitation by metals may provide a milder method than the protocols presently used to enrich PrP Sc and also to increase the yield of infectious material. Nickel powder, which is magnetic and therefore easy to remove from a solution, may be useful in prion amplification or conformation-dependent prion tests such as conformation-dependent immunoassays or in protein misfolding cyclic amplification (PMCA) (Saborio et al., 2001) , in which PrP Sc concentrated on the metallic surface could be applied directly. Previously, it has been shown that metal ions can facilitate PMCA amplification (Sarafoff et al., 2005) , but it is not known whether metallic nickel interferes with the amplification process.
In conclusion, we have shown that a steel alloy containing nickel and molybdenum, such as 316L, binds PrP Sc with higher affinity than a steel alloy not containing these elements. Nickel-and molybdenum-containing steel may therefore be a hazard, with a greater capacity for PrP Sc binding and infectivity, possibly increasing the risk of prion transmission. Nickel powder can also be used for the efficient extraction of PrP Sc from semi-purified solutions and large volumes.
